Large variability in thresholds to sensory stimuli is frequently observed even in healthy populations. 2
Introduction 16
Threshold testing has long been used to evaluate sensory perception in a wide variety of fields 17 (pain research, water contamination, taste sensation, auditory acuity, off flavors, etc). Thresholds are 18 generally grouped into the categories of detection thresholds (lowest concentration of a 19 substance/sensation that is detectable from the background), recognition thresholds (lowest concentration 20 at which a substance/sensation can be identified), and discrimination thresholds (smallest difference in 21 concentration or intensity of a substance/sensation that can be detected in a particular range). Methods 22 have been developed to assess sensory thresholds, all of which require an individual to distinguish the 23 stimulus from a background. Most of these threshold tests are also "forced choice," meaning that 24 participants are required to make a choice among samples, such as choose a stimulus compared to one or 25 more blanks or choosing a stronger stimulus; if the participant is uncertain which sample to choose, he or 26 she much make a guess. In such cases, participants will occasionally give correct responses accidentally, 27 leading to false positives, or lower than actual thresholds, in the dataset. 28
In fields of sensory research where participants may be guessing frequently, such as an anosmic 29 person in an olfactory threshold test or when a stimulus is unfamiliar such as in fatty acid "taste" research, 30
rates of false positives in threshold tests become particularly important in interpretation of results. This 31 article is designed to investigate the frequencies of such false positives in sensory threshold experiments, 32
focusing on a few primary techniques common in the field of odor and taste sensitivity research. The 33 high rates of false positives in these methods have been acknowledged (Lawless and Heymann 1998, 34 2010), but are often not taken into account when analyzing final data. Typical methods for dealing with 35 the false thresholds have been correcting for the proportion of expected "guessers," which can be done at 36 each concentration step or across the ranges of concentrations, or by fitting psychometric functions to the 37 data which assume a certain rate of false positives. Experiments comparing methods of threshold testing 38 acknowledge that multiple tests, or even multiple methods, will give the most reliable data regarding an 39
individual's true range of sensitivity, as the variance both among and within subjects in these datasets are 40 high (Boesveldt, The staircase methods were analyzed with both 5 and 7 reversals required to signal the end of the test. 72
Expected rates of false positives for the ASTM method E679, a type of ascending method with a fixed 73 number of stimuli presented to ascertain group threshold values, are also included. The hypotheses were 74 that staircase methods, as the "gold standard" for threshold testing, would exhibit fewer false positives 75 than ascending methods, and that more reversals would lead to fewer false positives. 76
77

Methods 78
Simulated data generation 79
Excel 2010 was used for generation of random numbers using the formulas 80 RANDBETWEEN(1,2) for 2-AFC or RANDBETWEEN(1,3) for 3-AFC. Two columns of data were 81 generated, the first to represent the actual order of presentation of the stimulus and the second to represent 82 the response of a hypothetical participant. These data mimic what would happen if a participant were 83 guessing, as all positive identifications are due to chance alone. A row of data was counted as a correct 84 identification when the two columns matched. For each row of data, the chance of the "participant" 85 correctly identifying the stimulus is 1/2 for the 2-AFC and 1/3 for the 3-AFC paradigms. 86
87
Ascending method of limits 88
In the ascending method of limits, the test begins at a low concentration of the stimulus and the 89 concentration is increased until the participant can identify the stimulus correctly. The samples are 90 presented in random order. The participant selects the sample they believe contains the stimulus, and the 91 test is repeated based on the participant's response. If the participant is correct, the same concentration of 92 stimulus is presented in the next round. If the participant is incorrect, the next higher concentration ofstimulus is presented. This continues until the participant can reliably identify the stimulus according to a 94 predetermined "stopping rule," or until all sample concentrations have been tested. The threshold in this 95 test may either be the actual concentration at which the stopping criterion was met, or the mean of that 96 concentration and the concentration below (calculated either as the mean of the log concentration or the 97 geometric mean, see Lawless, 2013) . 98
For the current analysis, the ascending method of limits was analyzed in three ways. Using the 2-99 AFC paradigm, 5 sequential correct responses were required. Using the 3-AFC paradigm, analysis was 100 conducted on both 3 sequential correct responses and 4 sequential correct responses. Formulas were 101 derived for the expected rate of false positives for each method and matched to simulated data curves, in 102 order to confirm the accuracy of the formulas. For data simulation, fifty rows of data were generated for 103 each method, each row of data representing one presentation of samples to a participant. If the stopping 104 criterion was met (3, 4, or 5 "correct" responses), the row number at which the stop occurred was noted 105 (i.e., the "run length" of the test). The data were refreshed 100 times to simulate data from 100 106 participants. 107
108
Staircase method of limits 109
In the staircase method of limits, the test begins ideally in the center of the expected range of 110 threshold concentrations. Participants are presented with blank and stimulus samples in random order as 111 before according to the 2-or 3-AFC paradigm. If a participant's response is incorrect, then the trial is 112 repeated with the next higher concentration of stimulus (the "1 up" rule). If the participant is correct, then 113 next trial is typically repeated at the same concentration. For the "2 down" rule, if the participant is 114 correct at again at the same concentration, then the next trial is conducted with the lower concentration of 115 stimulus. For the "4 down" rule, the participant must be correct at the same concentration 4 times 116 sequentially before the concentration is lowered. An example of this method for a "1 up 2 down" rule is 117
given in Figure 1 . For the simulated data, the "1 up 2 down" rule was employed with both the 2-AFC and 118 3-AFC paradigms, and the "1 up 4 down" rule was employed with the 2-AFC paradigm. The staircasemethod continues until a predetermined number of "reversals" occur, i.e. switching from correct 120 identification to incorrect identification. In the simulated data, analysis was conducted with both 5 121 reversals and 7 reversals. 122
Data were generated as before. For the "1 up 2 down" rule, a pattern of one incorrect response 123 followed by 2 correct responses (ICC) or two correct responses followed by one incorrect response (CCI) 124 indicates a reversal. The first ICC or CCI is one reversal, and each subsequent ICC or CCI is two 125 reversals (see Figure 1) . Thus, for 5 reversals, three ICC or CCI patterns are needed to complete the task, 126 while for 7 reversals four of these patterns are needed. For the "1 up 4 down" rule, the pattern ICCCC or 127 CCCCI indicates reversals, still with 3 or 4 repeats required to observe 5 or 7 reversals, respectively. A 128 column in Excel was generated to indicate whether the response was correct or incorrect, and the number 129 of ICC(CC) or CC(CC)I patterns was counted over 50 (for 1 up 2 down) or 100 (for 1 up 4 down) rows of 130 data, to simulate 50 or 100 presentations of sample (the greater number of presentations was generated for 131 the 1 up 4 down rule because of the larger number of presentations required in this test). Such long run 132 lengths are not typical of most sensory threshold tests, especially in gustation and olfaction, but were used 133 to observe the asymptotes and changes in the curves over time. The data were refreshed 100 times to 134 represent 100 participants, and the rows at which correct numbers of reversals was reached was recorded. 135
This was done for all versions of the staircase method. As formulas for predicting the expected rate of 136 false positives for staircase methods would be very complex, and as attempts to fit logistic regression 137 curves to the data yielded poor fit in the lower ranges of run length, data were again refreshed 500 times 138 for each of the staircase methods and Excel was used to generate smoothed curves based on these large 139 datasets. These values were used to determine at what run lengths the methods would be expected to 140 exceed 5% and 10% of the participants giving false thresholds (assuming all participants are guessing), as 141 these are typical α levels. 142
143
ASTM International E679 -04 144
ASTM standard E679 -04 is designed for small datasets (less than 100 presentations) to estimate 145 group, not individual, thresholds (ASTM 2011). The method is based on the concept that thresholds are 146 probability functions, where at low concentrations the probability of an individual detecting the stimulus 147 is zero and at high concentrations the probability is 1 (corrected for guessing). Samples are prepared in 5-148 8 concentration steps, each differing by a factor of 2 to 4 (e.g., for a factor of 3: x/27, x/9, x/3, x, 3x, 9x, 149 27x). Thresholds of each individual are calculated as the geometric mean (or mean of the logarithm of 150 the concentrations) of the last incorrect response and the first correct response, after which no other 151 incorrect responses were given ("last reversal"). Group means for thresholds are the geometric mean (or 152 mean of the logarithm of the concentrations) of all participant mean thresholds. In the current data, 153 expected false positives were calculated for each concentration step. Data were not simulated for this 154 method, as the rates of expected false positives at each presentation are easily calculable. 155 156 Table 1 gives a summary of the methods and stopping rules tested in the simulated data. 157
Additionally, this table lists the minimum number of presentations (i.e., shortest run length) required in 158 order for a participant to complete the test. For example, in the ascending method, to achieve 4 correct 159 identifications, at least 4 presentations are required. In the staircase method with a 1 up 4 down rule, 15 160 presentations are required at minimum to achieve 5 reversals. 161
162
Results
163
ASTM E679 164
Equations used to calculate expected false positives at each of 7 concentration steps are shown in 165 Table 2 , along with the calculated rates. Note that in order for the criterion of the "last reversal" rule to 166 be met, an incorrect response must precede the correct responses for steps 2-7, hence the 2/3 factor in the 167 formula. Rates of false positives are lower, as expected, for the lower concentration steps and increase 168 with the higher concentration steps. This is clearly a function of fewer correct responses required to 169 achieve a false positive at the higher concentrations.
171
Ascending methods of limits 172 Figure 2 shows the cumulative rate of false positives in the 5ASC, 3ASC, and 4ASC method of 173 limits over the first 50 presentations (run length) using the formulas given in Table 3 . While 50 174 presentations would be an uncommonly high run length for a gustatory or olfactory threshold test, this run 175 length is shown to observe how the rates of false positives begin to asymptote with more presentations. 176
The simulated data curved fit very well with the formula generated curves, thus these data are not shown. 177
The 3ASC (3-AFC with 3 correct responses) displayed the highest rates of false positives, followed by the 178
5ASC (2-AFC with 5 correct responses) then the 4ASC (3-AFC with 4 correct responses). 179 180
Staircase method of limits 181 Figure 3a shows the cumulative rate of false positives for the staircase methods. Figure 3a shows 182 the methods with 500 simulated participants, and Figure 3b shows these methods shifted for the minimum 183 required run length in order to complete the test (from Table 1 ). The 2-12-5 and -7REV (2-AFC, 1 up 2 184 down with 5 or 7 reversals) showed very rapid increases of false positives with run length. Slower 185 increases in error were observed for the 3-12-5 and -7REV (3-AFC versions) methods. The 2-14-5 and -186 7REV methods (2-AFC with 1 up 4 down) showed the lowest rates of error of any tests; however, these 187 two versions of the staircase methods require more presentations (longer run length) due to the larger 188 number of trials needed before it's even possible to meet the stopping criteria. Again, the run lengths of 189 100 presentations are not reasonable for olfactory or gustatory tests, but are included to observe the 190 asymptotes of the curves and to be able to compare the different methods to each other. Table 4 shows where each method, using the generated formulas for the ascending methods and 194 the large datasets for the staircase methods, crosses 5% and 10% rates. The table also shows this analysis 195 shifted to account for the minimum number of presentations required to complete the task. Figure 4 shows comparisons of all methods of limits, (A) 2-AFC paradigms and (B) 3-AFC paradigms, shifted to 197 account for the minimum run length required to complete the test. For the 2-AFC paradigm, the staircase 198 method with a 1 up 4 down clearly results in much lower error than any of the other methods.
Discussion 206
The high rates of false thresholds observed in the current data would increase variability in 207 sensory threshold studies both within and between subjects, but only when participants are guessing. This 208 variability is clearly dependent on the method and stopping rule used in the test as well as upon the 209 method for data analysis. The impact of the variability and type of test, as well as some proposed 210 methods to deal with the rates of false stops, are discussed below. 211
The data presented here show the stricter stopping rules result in lower rates of false stops, as 212 should be expected. Staircase methods have lower rates of error when the run lengths are minimized, but 213 very rapidly increase in false stops as the number of presentations increases. Notably, the longer run 214 lengths will also contribute to fatigue on the part of the participant, especially in experiments on olfaction 215 and gustation. Thus, for longer run lengths, staircase methods become less reliable than ascending 216 methods. The staircase method, particularly the 3-AFC paradigm with 7 reversals, has been considered a 217 "gold standard" of sensory threshold testing, particularly for olfaction (Lotsch et For the ascending method, the stopping rules have typically been set by the number of 244 presentations needed to below a type I error of 5%; i.e., a 2-AFC paradigm may require 5 correct 245 responses because the probability is (1/2) 5 = 3.1% and a 3-AFC paradigm may require 3 correct responses 246 as (1/3) 3 = 3.7%. As originally noted by Lawless and Heymann (1998), this approach does not account 247 for multiple testing, which is why observed rate of guessing correctly in the simulated data is much higherthan given by the stopping rule alone. The longer the test continues (longer run length, more 249 presentations), the more likely a false positive will occur because there are more opportunities for the 250 event to occur. The concept is the same as with lottery tickets: it is very unlikely that "you" will win the 251 lottery, but it is very likely that "someone" will win the lottery. 252
False positives in threshold tests can only occur when a participant is guessing. Because of this, a 253 false positive must fall below that the range of concentrations of participant's actual threshold range. In 254 ascending methods, the true threshold range may not be reached at all, and underestimates could be quite 255 large. In staircase methods, false positives would create reversals below the true threshold range, again 256 contributing to underestimation and also potentially prolonging the test and providing more opportunities 257 for additional false positives. If the concentration is above the threshold region, the participant should not 258 be guessing so the response will not contribute to false positives, unless fatigue or adaptation are 259 interfering with determinations. Thus, beginning the test as close as possible to the true range of a 260 participant's threshold will reduce the opportunity for false positives in the responses. For staircase 261 methods, the test should ideally begin at the hypothesized threshold region for that individual, and for the 262 ascending method, the test should begin just below the threshold. This will reduce the run length of the 263 test. Reliability has already been correlated with the run length of threshold tests (Doty et al., 1995) . 264
Data in the current analysis show that this is not only due to decreased fatigue for the participant, but also 265 to fewer opportunities for false positives. Reports, and data from the author's current laboratory, typically 266
give run lengths ranging from 10-25, with ascending methods generally giving shorter run lengths than 267 2013). Typically this has been attributed to natural variation in a subjects' ability to detect the compound 276 or to learning effects with multiple tests. However, the data in the current study indicate that much of this 277 variability, leading to the need for multiple tests to assess a single individual, may also be due to false 278 positives. While a range of sensitivity should still be expected, the breadth of this range will be expanded 279 if artificially low estimates are included in the data. Reducing the rates of false positives could potentially 280 decrease the number of tests needed to assess not only the overall sensitivity of a subject to a sensation, 281 but also could give a clearer picture of the true range of an individual's day to day sensitivity. For a fast 282 assessment, a brief ascending series of stimuli could be presented (for example, 5 concentrations each ½ 283 or a full logarithmic dilution apart, depending on the stimulus and prior knowledge of differences in 284 sensitivity among individuals), and the responses to that series of presentations could be used to guide a 285 second test with a finer set of dilutions (the more common ¼ logarithmic dilution apart). In staircase 286 methods, such differences in step sizes may be built into the procedure, beginning with larger step sizes 287 and reducing the step size in the perithreshold region after observing at least one reversal. This also 288 reduces the number of presentations in the procedure. For studies with novel stimuli on which prior data 289 are unavailable, multiple testing visits would be needed to first assess the range of sensitivity across 290 subjects and then accurately assess the individual subjects' sensitivity range. 291
For situations in which multiple tests visits are impractical, a method should be used that corrects 292 for guessing. The common technique for this is to fit a logistic curve to the rates of correct/incorrect 293 responses over a range of concentrations. Techniques for adapting the ASTM E679 (Lawless, 2010) proposed. These two proposed modifications basically correct participant's data by taking into account 296 their subsequent responses, higher in the concentration series, and other participant's performance at each 297 concentration. Modifying these methods to correct for guessing, as well as for participants whose 298 sensitivity falls outside the range of tested concentrations, allows for a faster collection of a larger amount 299 assessing an individual's sensitivity accurately. While the techniques have been used to find differences 301 between groups (Hough et al., 2013), using the technique to assess an individual in a clinical setting may 302 be more difficult. 303
Another suggestion for improving the quality of data while minimizing run length is to alter the 304 application of the stopping rule in the ascending method. Typically, if a response is correct, the same 305 concentration of stimulus is presented until the participant is correct the predetermined number of times. Again, it should be noted that false positives in sensory threshold tests are only a problem when 318 participants are guessing. Generally, by testing many participants, or by testing participants multiple 319 times, the overall effect of these false positives on conclusions and observations may be small. However, 320 the high rates of false positives should be particularly concerning when the research concerns novel or 321 poorly defined sensory stimuli. For instance, false positives should be a concern in the field of non- 
Conclusions 348
Rates of false positives in threshold tests were much higher than would have been predicted by 349 analyzing stopping rules alone. The data generated by random numbers agreed with previous 350 observations, that longer run lengths (more presentations) will increase the variability in the tests, and that 351 staircase methods may be more reliable than ascending methods. However, it should be noted, as Step 1: 0.0%
Probability of a false positive at step 2-7 (where i is the step number, and step 7 is the most concentrated)
Step 2: 0.1%
Step 3: 0.3%
Step 4: 0.8%
Step 5: 2.5%
Step 6: 7.4%
Step 7: 22.2% 
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